The objective of the present study was to measure changes in splanchnic blood flow and oxygen consumption in sheep fed on a high-concentrate diet ad lib. (ADLIB) or an amount sufficient to maintain body-weight (MAINT) for 21 d. Eleven ram lambs were surgically implanted with chronic indwelling catheters in the portal, hepatic and mesenteric veins and mesenteric artery to measure blood flow and net 0, flux through the liver and portal-drained viscera (PDV). During the 21 d period, PDV (P < 005) and liver (P < 0.01) blood flow increased in ADLIB and decreased in MAINT lambs (treatment x day, linear). After 21 d, 0, consumptions in PDV and liver of MAINT lambs were 37 and 63% lower than in ADLIB lambs. In the control period, total splanchnic tissues represented an average of 52 % of whole body 0, consumption. After 21 d, the relative contributions of PDV and liver to whole-body 0, consumption were 28 and 41 % in ADLIB and 19 and 22% in MAINT lambs respectively. Allometric regression variables indicate that liver 0, consumption responds more rapidly to changes in metabolizable energy intake than portal 0, consumption. These results indicate that blood flow and 0, consumption in both PDV and liver are related to level of nutrition. Furthermore, splanchnic tissues represent a significant component of whole-body 0, consumption that is subject to manipulation by level of nutrition.
The classical work of Brody (1945) and Kleiber (1947) demonstrated that much of the variation in metabolic rate between adult mammalian species can be attributed to differences in body-weight. It has become readily apparent, however, that within a species metabolic rate per unit body-weight can be influenced by factors such as age (Graham et al. 1974 ), breed (Smith & Baldwin, 1974 Jenkins & Ferrell, 1983; Ferrell & Jenkins, 1984) and level of nutrition (Marston, 1948; Ledger & Sayers, 1977) . Variations in metabolic rate and protein metabolism have been attributed to the allometric relation between visceral organ size and body-weight during pre-and post-natal development (Holliday et al. 1967; Munro, 1969; Bell et al. 1987) .
Relative to their contribution to body-weight, the visceral organs maintain a disproportionately large share of whole-body metabolism during pre-and post-natal growth. In development of the ovine fetus, the liver, kidneys, heart and brain account for 6.5 % of body-weight and 40% of total fetal oxygen consumption (Bell et al. 1987) . In the ovine fetus, the fractional protein synthesis rates of liver, kidneys, brain, heart and gastrointestinal tissue are 78,45,37, 14, and 71 %/d respectively and represent nearly 45 % of whole-body protein synthesis (Schaefer & Krishnamurti, 1984) . Visceral organ 24 D. G. B U R R I N A N D O T H E R S metabolism during post-natal development is also characterized by a high rate of 0, consumption relative to the whole body (Edelstone & Holzman, 1981; Webster, 1981; Reynolds et al. 1986) .
The effect of level of nutrition on basal metabolic rate or maintenance energy requirements has been found to be highly correlated with changes in relative weights of visceral organs (Koong et al. 1982; Ferrell et al. 1986 ). Visceral organ metabolic activity is a function of both organ size and tissue metabolic activity. The effect of level of nutrition on visceral organ metabolism is reflected in the relation between metabolizable energy intake (MEI), blood flow and 0, consumption of liver and portal-drained viscera (PDV) (Webster et al. 1975; Huntington & Prior, 1983; Lomax & Baird, 1983; Huntington, 1984; Weighart et al. 1986; Reynolds & Tyrrell, 1987) . Changes in metabolic activity of organ or splanchnic tissues may be partly responsible for changes observed in whole-body metabolic rate. In the present study, our objective was to measure the effect of level of nutrition on splanchnic blood flow and 0, consumption, and determine the relative contribution of these tissues to whole-body 0, consumption (WBO).
M A T E R I A L S A N D M E T H O D S

Animals, diet and feeding regimen
Eleven crossbred ram lambs with an average initial weight of 35 kg were used in the experiment. The lambs were housed in individual pens approximately 1-75 m2, with controlled lighting (lights on 08.00-20.00 hours). Lambs were fed on a pelleted highconcentrate diet (Table 1) in four equal portions daily at 6 h intervals (02.00, 08.00, 14.00, 20.00 hours) with free access to water.
At 14 d before initiating the experiment, lambs were fed on the high-concentrate diet at a level of 30 g dry matter (DM)/kg body-weight. Lambs were randomly assigned to either an ad lib. (ADLIB) or a maintenance (MAINT) treatment. The experimental period consisted of a control period (day 0) and three subsequent periods at 7 d intervals. During the 21 d experimental period, MAINT lambs were fed to maintain body-weight by restricting feed intake. Lambs were weighed twice weekly and feed allowances were adjusted to maintain body-weight. Daily feed intake of lambs in group ADLIB was r p r n r A p A
Surgical procedures
In the 14 d period before beginning the experiment, lambs were surgically fitted with chronic indwelling catheters in the portal, hepatic and mesenteric veins and mesenteric artery. Portal catheters equipped with a tapered bone chip at the tip (Teflon, i.d. 1.3 mm, 0.d. 2.13 mm, length 800 mm; Cope Plastics, Topeka, KS) were inserted into the hepatic portal vessel so that the tip was approximately 100-1 50 mm caudal to the base of the liver. Hepatic vein catheters (Tygon, i d . 1.27 mm, 0.d. 2.29 mm) were inserted through the dorsal or ventral surface of the left lateral hepatic lobe into a branch of the hepatic vein. Insertion of the hepatic vein catheter was facilitated by the use of a Teflon-coated wire guide (0.89 mm x 1450 mm; USCI-Bard, Billerica, MA) which was inserted into the vessel via a 16gauge needle. After placement of the portal and hepatic vein catheters, blood samples were drawn from these vessels and analysed for percentage 0, saturation (Hemoximeter ; Radiometer America Inc., Westlake, OH) during the surgical procedure in an attempt to verify proper placement of the catheters. Typically, the percentage 0, saturation of hepatic blood was 10-15 units lower than portal venous blood. Mesenteric vein and arterial catheters (Tygon, i.d. 1.02 mm, 0.d. 1.78 mm) were inserted into branches of the anterior mesenteric vein and artery. All catheters were filled with sterile saline (1000 units heparin/ml, 9 g sodium chloride/l, 10 g benzyl alcohol/l, 0-5 g penicillin-streptomycin/l) exteriorized through the body wall and skin, and wrapped in a gauze pouch. Lambs were treated with 5 ml antibiotic daily for 3 d after surgery and allowed at least 7-10 d before beginning sampling protocols on day 0. In the recovery period, daily DM intake was limited to 30 g/kg body-weight.
Sampling protocol
Lambs were weighed and transferred to metabolism crates before initiating sampling. Animals were routinely placed in the metabolism crates during the 14 d preliminary period to acclimate them to the sampling environment. At 15 min before the first sample, each animal received a 15 ml priming dose of 3 g p-amino hippuric acid (PAH)/ 100 ml into the mesenteric vein. Immediately thereafter, PAH ( 3 g/ 100 ml) was infused continuously at a flow-rate of approximately 0.8 ml/min into the mesenteric vein for a 6 h period (14.00-20.00 hours, days 0 and 21 ; 08.00-14.00 hours, days 7 and 14) using a calibrated syringe pump (Harvard Bioscience, South Natick, MA). Blood samples (3 and 1 ml) were withdrawn from the portal and hepatic veins and mesenteric arterial catheters at 30 min intervals over the 6 h infusion period. During the sampling period, lambs were allowed free access to water and their 6 h allotment of feed.
Whole-blood samples were placed on ice and transported to the laboratory. A portion of whole blood was added to ice-cold heparinized (25 units/ml), deionized water (1 : 1, v/v) and the diluted blood sample was analysed for PAH according to the procedures described by Katz & Bergman (1969). The 1 ml blood sample was analysed immediately for blood haemoglobin, 0, saturation (Hemoximeter) and packed cell volume. The Hemoximeter was calibrated both for haemoglobin and 0, saturation. Haemoglobin was measured on several samples of sheep blood using Drabkin's reagent and haemoglobin standard (Sigma Chemical Co., St Louis, MO). Using additional portions of the same blood samples, the Hemoximeter was adjusted until the haemoglobin readings were the same as those determined with Drabkin's reagent. A fully reduced blood sample was prepared by aspirating blood into a capillary tube containing sodium dithionite and tris(hydroxy-methy1)animomethane (Radiometer, Copenhagen, Denmark). This sample was used to calibrate blood 0, saturation at 0%. A fully oxidized blood sample was prepared by exposing a small quantity of blood to air. This sample was used to calibrate blood 0, saturation at 100 %.
Calculations
Whole-blood 0, concentration was calculated using the following equation :
where X is blood haemoglobin (g/100 ml), Y is percentage 0, saturation, 1.34 is ml O,/g haemoglobin, and 22.4 is ml O,/mmol 0,. Whole-blood flow and 0, consumption rates were calculated using the equations reported by Katz & Bergman (1969) , which are based on the Fick principle of arterio-venous concentration difference and flow rate. Wholeblood flow rate was estimated, based on dilution of PAH, using the following equations:
where F,, and 4, are portal and hepatic vein flow rates (l/h), C,,, C,,, and C, are the wholeblood concentrations of PAH (mg/l) in the portal vein, hepatic vein and mesenteric artery respectively, and I is the infusion rate of PAH (mg/h). Hepatic arterial flow was calculated as hepatic-vein minus portal-vein flow rate. Splanchnic 0, fluxes were calculated using the following equations :
where 4, is hepatic arterial flow rate (l/h) and C,, C,, and C,,, are the whole-blood 0, concentrations (mmol/l) in the mesenteric artery and portal and hepatic veins respectively.
Indirect calorimetry protocol
In the control (day 0) and final (day 21) periods, lambs were transferred to individual calorimetry chambers and allowed 1 h to adapt. Calorimetry measurements continued for a 6 h period (08.00-14.00 hours), during which all lambs were allowed free access to water and their respective 6 h allotment of feed (Nienaber & Maddy, 1985) . Total animal 0, consumption was calculated based on estimates of total air flow and 0, contents of input and output air. Following calorimetry measurements, lambs were weighed and transferred to metabolism crates for blood sampling procedures.
Statistical procedures
Data were analysed according to the general linear models procedure of the Statistical Analysis System (SAS, 1982) . The design was completely random with a split-plot in time (Steel & Torrie, 1980) . Sources of whole-plot variation were animal and treatment, with animal within treatment as the error term. Subplot sources of variation were day and the treatment x day interaction, with days x animals within treatment as the subplot error term. In addition, the effect of day and treatment x day interactions were partitioned into linear, quadratic and cubic responses. Values are presented as least-squares means and pooled standard errors of the least squares means.
R E S U L T S
At the outset of the experiment, a complete complement of samples was not obtained for all animals because of problems of catheter placement and patency (Table 2 ). In two animals (one from each treatment) catheters which were believed to be in the hepatic vein were actually located in branches of the hepatic portal vein and were not sampled. In addition, one animal in group ADLIB lost patency of the portal catheter. Another animal in group ADLIB was removed from the study after 2 weeks as a result of an apparent acidosis problem. Correct catheter placement was verified on necropsy of all animals that were sampled during the experiment. Throughout the experiment, the intensive blood sampling protocol posed a potential challenge for animals to maintain blood volume and erythrocyte levels. However, blood haemoglobin and packed cell volume levels were not affected during the 21 d experiment ( Table 3) .
A treatment x day interaction was observed for body-weight (linear, P < 0.01) and feed intake (linear, P < 0.01 ; quadratic, P < 002) indicating our experimental protocol was adequate. During the 21 d period, lambs in the MAINT group maintained a relatively constant body-weight and feed intake ( Table 4 ). The ADLIB lambs consumed nearly twice the amount of feed required to maintain body-weight in MAINT lambs. Calculated daily ME1 expressed per unit metabolic body size (kJ/kg body-~eight''~~) ranged from 347 to 423 and from 732 to 812 for MAINT and ADLIB lambs respectively. ADLIB lambs gained an average of 238 g/d, although no change in average body-weight occurred in the final 7 d period. Maintenance of animals at constant body-weight has been shown to result in a steady decline in maintenance feed requirements (Ledger & Sayers, 1977) ; however, a consistent decrease in intake was not observed for the MAINT lambs.
Components of splanchnic blood flow exhibited treatment x day interactions ( Table 5) .
Portal blood flow varied with period (treatment x day, cubic, P < 007) and was generally associated with energy level. Flows in the hepatic vein and artery were affected by energy level and time (treatment x day, linear, P < 009 and P < 0.01 respectively). Rates of blood t Treatment x day, linear (P < 0.01).
1 Treatment x day, quadratic (P < 0.02). 
(3)
Hepatic veins
Hepatic artery § * For details, see p. 24 and Table 2. t Treatment x day, cubic (P < 0.07).
$ Treatment x day, linear (P < 009).
Q Treatment x day, linear (P < 0.01).
flow are in general agreement with previous reports (Bensadoun et al. 1962 ; Katz 8z Bergman, 1969; Huntington et 01. 1980 ). All components of splanchnic blood flow were higher in ADLIB than MAINT lambs throughout the 21 d period. After 21 d, portal and hepatic vein blood flows in MAINT lambs were 25-41 % lower than that of ADLIB lambs. Estimates of hepatic arterial flow exhibited similar actual variation to the other blood flow estimates. In venous blood flow measurements using indicator dilution, a potential source of error is unrepresentative sampling due to laminar flow and improper mixing of indicator (Katz & Bergman, 1969; Ushioda et al. 1982; Eisemann et al. 1987) . In this regard, the turbulence of flow through the hepatic portal venous system would probably provide for more complete mixing of PAH in the hepatic vein, while the potential for streaming and inadequate mixing would be greater in the portal vein. Arterial 0, and hepatic arterio-venous (A-V) difference in 0, were not affected by treatment (Table 6 ). Portal A-V difference decreased in the MAINT lambs, but not in the ADLIB group (treatment x day, linear, P < 0.10). All components of splanchnic 0, Ad lib. 6.0 (6) 6.3 (6) 6.4 (5) 6.1 (4) 0.76 Maintenance 6.3 (5) 6.2 (5) 6.0 (5) 6.1 (5) Ad lib. 1.7 (5) 1.5 (5) 1.4 (4) 1.6 (3) 0.18 Maintenance 1.8 (5) 1.6 (5) 1.5 (4) 1.3 (4) Ad lib.
3.1 (5) 2.7 (5) consumption were higher in ADLIB than MATNT lambs and had significant (P < 0.01) treatment x day interactions ( Table 7) . After 21 d of feed restriction, 0, consumption by PDV, liver and total splanchnic tissues in MAINT lambs decreased by approximately 30 YO compared with measurements in the control period. In addition, 0, consumption by PDV, liver and total splanchnic tissues in MAINT lambs was 3 7 4 3 YO lower than that of ADLIB lambs. The effects of level of nutrition on liver 0, consumption were similar to trends observed in liver 0, consumption predicted from measurements in vitro (Ferret1 & Koong, 1985; Burrin et a!. 1987) . Extraction of 0, by PDV tissues was not affected by treatment (Table 8) ; however, liver 0, extraction was higher in ADLIB than in MAINT lambs. WBO in ADLIB lambs was similar in the control and final periods (Table 9) ; however, in MAINT lambs WBO decreased by 1Ooh during the 21 d period. In the control period, the PDV and liver accounted for averages of 24 and 28% of WBO respectively across 2 Treatment x period (P < 0.01).
Portal-drained viscera (YO WB)t
Liver (Yo WB)I treatments. Thus, total splanchnic tissues represented 52 % of WBO, which is consistent with estimates reported by Webster (1981) . In addition, these estimates of the relative contribution of liver and PDV to WBO are similar to previous reports in Holstein cows and steers (PDV 18-29%, liver 25%; Huntington et aE. 1985; Reynolds et al. 1986 ). During the 21 d period, the relative contribution of PDV to WBO increased by 16% in ADLIB lanibs and decreased by 21 % in MAINT lambs (treatment, P < 0.05). Also, the relative contribution of liver to WBO increased (32%) in ADLIB and decreased (12 YO) in MAINT lambs (treatment x period, P < 0.01).
The relations of MEI, body-weight and splanchnic blood flow to 0, consumption were analysed according to the model Y = a W b , where Y represents tissue blood flow or 0, consumption and W represents ME1 (kJ/d) or body-weight (kg) (Tables 10 and 11) . The analyses were performed using linear regression of log-transformed values (log Y = log a + b log W ) . Hepatic 0, consumption changes more rapidly with changes in ME1 than portal or splanchnic 0, consumption. No significant changes in the exponents were observed when any of the components were related to body-weight. t Mean value was significantly different from that of hepatic 0, consumption (P < 0.01).
1 Mean value was significantly different from that of splanchnic 0, consumption (P < 0.01) 
DISCUSSION
An effect of level of nutrition or level of feed intake on the growth of visceral organs has been reported previously (Koong et al. 1982; Ferrell et al., 1986; Burrin et al. 1987) . Results from the present study suggest that changes in visceral-organ growth in response to level of nutrition are associated with concurrent changes in blood flow and 0, consumption of visceral tissues. Several reports in sheep and cattle have indicated a positive relation between feed intake and portal blood flow (Bensadoun et al. 1962; Katz & Bergman, 1969; Webster et al. 1975; Huntington & Prior, 1983; Huntington, 1984) . Although changes in portal blood flow tended to parallel those observed for feed intake, the exponent for the allometric equation (0294) suggested that portal flow reacted sluggishly to changes in MEI.
Others have reported a much higher correlation (r 0.89-0.96) between portal blood flow and energy intake (Lomax & Baird, 1983; Weighart et al. 1986 ) using linear-regression techniques. Changes in portal blood flow occur during all phases of nutrient assimilation in animals. Presentation and ingestion of food increase heart rate and cardiac output ; these effects can be attenuated by adrenergic blockade, suggesting that sympathetic nerves are involved in modulated portal blood flow (Vatner et al. 1970 ). Other studies have indicated that mesenteric hyperaemia is localized in mucosal tissue and is limited to tissue actively involved in digestion (Chou et al. 1976; Dobson et a/. 1981 ; Edelstone & Holzman, 1981) .
In sheep, rumen infusion of acetate, propionate and butyrate increased rumen arterial blood flow by 10, 50 and 100 % respectively (Sellers et al. 1964) . Tissue metabolic activity has been implicated in local control of blood flow, which provides for steady delivery and removal of nutrients and end-products (Shepherd, 1982) . In the present study, a reduction in PDV 0, consumption in MAINT lambs appeared to be a function of reduced blood flow and changes in A-V 0, content. The effects of level of intake on hepatic venous and arterial blood flow were much larger and more consistent than those observed for PDV. Previous reports have suggested that the feeding-induced increase in hepatic blood flow is a result of increased PDV blood flow, with no change in hepatic arterial flow (Katz & Bergman, 1969; Edelstone & Holzman, 1981) . However, in progressively fasted dairy cows, a reduction in hepatic blood flow is a result of decreases in both portal blood flow and hepatic arterial flow (Lomax & Baird, 1983) . The divergence of hepatic blood flow observed in ADLIB and MAINT lambs was a result of changes in both portal and hepatic arterial blood flow. Changes in hepatic 0, consumption in response to feed intake were primarily a result of changes in blood flow rather than differences in A-V 0, content. The effects of feed intake on hepatic blood flow are presumably a result of increased liver metabolic activity; however, it has been suggested that control of hepatic blood flow is independent of metabolic activity (Lautt, 1980 (Lautt, , 1983 . Indeed, some hormones such as cholecystokinin, glucagon, pentagastrin and prostaglandins have vasodilatory effects on hepatic arterial vessels (Richardson & Withrington, 1982) .
Portal 0, extraction ratios were unaffected by level of intake; however, liver 0, extraction ratios tended to be greater in ADLIB than in MAINT lambs. An increase in 0, extraction by the liver may be a result of increased tissue metabolic activity or liver size. To assess liver metabolic activity per unit tissue, liver size was estimated using regression equations derived from serial-slaughter values collected in a previous study (D. G. Burrin, unpublished results): (ADLIB) Y = 10.5 W1 15; (MAINT) Y = 21.6 Wo868, where Y is liver size (8) and W is body-weight (kg). Calculated estimates of tissue 0, consumption across treatments ranged from 0.21 to 0.39 mmol/h per g liver, which are considerably higher than reported rates of 0, consumption in vitro reported by Ferrell & Koong (1985) and Burrin et al. (1987) . Averaged across the 21 d period, mean rates of liver tissue 0, consumption per g tissue were not changed in ADLIB and MAINT lambs, suggesting that level of feed intake did not affect tissue metabolic activity. This pattern is in agreement with previous observations based on in vitro 0, consumption (Burrin et al. 1987) . Similar calculations suggest that hepatic blood flow per unit tissue was not affected by level of nutrition. Together these findings may suggest that liver blood flow is regulated to ensure a constant rate of delivery and removal of nutrients and end-products for a given amount of tissue and is, therefore, determined by liver mass.
The contribution of splanchnic tissue to WBO is significant and is subject to modulation by level of nutrition. In the control period, the PDV and liver accounted for roughly equal proportions of splanchnic 0, consumption, and together consumed 49-55 % of WBO. The percentages of empty-body-weight represented by liver and gastrointestinal tract (GIT) are approximately 2 and 7 respectively. Thus, the rate of 0, consumption per unit weight is much higher in liver than in GIT. Studies in cattle have demonstrated that within the GIT, the proportion of 0, consumed by stomach and post-stomach tissues is similar . The changes in the relative contribution of splanchnic tissues to WBO in response to level of nutrition reflect changes observed in visceral organ size (Burrin et al. 1987) and are in agreement with similar studies in cattle (Reynolds & Tyrrell, 1987) .
In summary, level of nutrition influenced splanchnic blood flow and 0, consumption in young, growing lambs. These effects appeared to be more pronounced in liver than in PDV. The changes in splanchnic 0, consumption elicited by level of nutrition resulted in changes in the relative contribution of splanchnic tissues to WBO. These results further illustrate the importance of visceral organs in whole-animal energy metabolism.
